Linearly polarized light can exert a torque on a birefringent object when passing through it. This phenomena, present in Maxwell's equations, was revealed by Poynting 1 and beautifully demonstrated in the pioneer experiments of Beth 2, 3 and Holbourn 4 . Modern uses of this effect lie at the heart of optomechanics with angular momentum exchange between light and matter 5-9 . A milestone of controlling movable massive objects with light is the reduction of their mechanical fluctuations, namely cooling. Optomechanical cooling has been implemented through linear momentum transfer of the electromagnetic field in a variety of systems 10-13 , but remains unseen for angular momentum transfer to rotating objects. We 1 arXiv:1912.06607v1 [physics.optics] 
present the first observation of cooling in a rotational optomechanical system. Particularly, we reduce the thermal noise of the torsional modes of a birefringent optical nanofiber, with resonant frequencies near 200 kHz and a Q-factor above 2 × 10 4 [14] [15] [16] . Nanofibers are centimeter long, sub-micrometer diameter optical fibers that confine propagating light, reaching extremely large intensities 17, 18 , hence enhancing optomechanical effects. The nanofiber is driven by a propagating linearly polarized laser beam. We use polarimetry of a weak optical probe propagating through the nanofiber as a proxy to measure the torsional response of the system. Depending on the polarization of the drive, we can observe both reduction and enhancement of the thermal noise of many torsional modes, with noise reductions beyond a factor of two. The observed effect opens a door to manipulate the torsional motion of suspended optical waveguides in general, expanding the field of rotational optomechanics, and possibly exploiting its quantum nature for precision measurements in mesoscopic systems.
The idea of using light as noise tranquilizer for Fabry-Perot interferometers 19 has had a major influence on the development of optomechanics on the micro and nano scale 13 , with remarkable implementations for LIGO 20 . The reduction of thermally induced noise in the displacement of a mechanical object by controlling its interaction with light is known as optomechanical cooling. So far, all experimental realizations of it rely on the transfer of linear momentum between light and an object [21] [22] [23] . The transfer of angular momentum has applications in several systems, by means of light polarization 24 or orbital angular momentum 25 , but it has not been used to reduce the mechanical fluctuations of a rotational oscillator. To enable such optomechanical effect, one benefits from lightweight objects and large optical intensities. Currently, small optical waveguides 26 highly con-fine the spatial modes of propagating light. This could lead in the future to suspended waveguides that experience torsion as good candidates for rotational optomechanics. In particular, rotational optomechanical coupling has already been observed in optical nanofiber (ONF) waveguides 16 .
An ONF waveguide is a macroscopic object along one direction and nanometric in the transverse dimensions (see Fig. 1a ). It generally has vibrational, compressional, and torsional modes 15 . Here we focus on the torsional ones, with angular momentum oscillating along the long axis.
The thermally induced internal molecular vibrations of the ONF set the torsional modes in motion, visible only in vacuum since a surrounding gas damps the oscillations 14 . We are interested in modifying the oscillation of such torsional modes by applying a torque with guided light. The optomechanical effect is proportional to the intensity of the guided field, which for 1 mW of power is greater than 10 8 mW/cm 2 . This allows us to observe small torsionally induced differences in the index of refraction, which are estimated to be in the 10 −8 range, on top of the stress induced ones that are close to 10 −3 15 .
For simplicity, we model the nanofiber as a thick birefringent disk, an approximation that allows us to gain intuition and extract physically relevant features of the system (see Methods).
The torque applied to a polarizable medium is T = P × E, where P is the polarization of the medium and E is the electric field in the medium. Such torque is a function of the angle between the electric field and the optical axis θ(t) as 3, 6 :
where is the electric permitivity related to the effective index of refraction of the ONF, E is the amplitude of the electric field of the drive, ω l is the laser frequency, and Γ = kd(n o − n e ) with k the wavenumber, d the dielectric thickness, and n o and n e the ordinary and extraordinary indices of refraction. The equation of motion that describes the system is the one for a rotational harmonic oscillator with a driving force of the form of Eq. (1) (see Methods for details). Taking the small angle approximation, the linear term 2θ(t) can be treated as an effective modification of the spring constant of the torsional mode, which can be positive or negative depending of the light polarization angle. The spectral density for a small perturbation of the rotation angle δθ, around a fix value θ, in the vicinity of one of its torsional resonances, is (see Methods)
where k B is the Boltzmann constant, T is the absolute temperature, γ is the damping coefficient, κ is the torsional spring constant, I is the moment of inertia, and A 0 = E 2 2ω l sin Γ is the amplitude of the applied optical torque. The noise in Eq. (2) can increase or decrease depending on the polarization angle of a guided field with respect to the optical axis of the ONF waveguide. This effect allows for a reduction of the roto-mechanical fluctuations by an optomechanical coupling.
Our apparatus, schematically drawn in Fig. 1 , operates at room temperature. Given the geometry of our ONF, the frequency of the first torsional mode lies near 200 kHz 14, 16 . We record the spectral density around the resonances in order to study their thermal excitation. We use a linearly polarized weak probe, with negligible optomechanical effects (<60 µW), propagating through the ONF as a proxy to measure the nanofiber rotation. We monitor its polarization rotation measuring both linear components with a balanced photodetector (BPD) to filter common noise and drifts (see Fig. 1b ). The photocurrent is linearly proportional to the ONF rotation angle, so the mechanical noise is measured through the power spectrum from the photocurrent of the BPD. Yet, it is hard to estimate the actual rotation angle of the ONF from the signal (see Methods). The ONF has its first torsional mode at about 189.7 kHz with a full width at half maxima (FWHM) of 7 Hz, corresponding to a Q ∼ 2.7 × 10 4 .
The optomechanical coupling is enabled by propagating an external drive laser through the ONF waveguide. We can selectively excite each torsional mode by modulating the amplitude of the linearly polarized drive laser at the appropriate polarization angle, in a similar way to Fenton et al. 16 , where the amplitude of a driven torsional mode could increase by as much as 40 dB over the thermally driven excitations. When the linearly polarized drive is kept on at a non-zero polarization angle relative to the ONF optical axis, it can exert a torque on the nanofiber, which will consequently rotate, changing the relative angle to a new equilibrium position. The optomechanicaly modified rotational potential around the new equilibrium position could be more or less stiff depending on the relative angle between the drive and the ONF optical axis. This bi-directional optomechanical coupling can lead to a reduction or enhancement of the thermally driven rotation of the ONF around the equilibrium position, meaning cooling or heating. produced with the heat and pull method 27 with no specified birefringence. The 700 nm diameter of the nanofiber allows the propagation of the fundamental HE 11 mode and some higher order modes 28 for the used frequencies.
(b) Schematic of the apparatus. The nanofiber resides in a vacuum chamber. There is a side window to monitor the Rayleigh scattering with a polarizer and a camera. The image region of interest encompasses the waist of the ONF and we analyze the signal to guarantee mostly linearly polarized light in the waist region 29 . We operate with two wavelengths, a probe and a drive laser of 852 nm and 780 nm wavelength respectively. Both are counterpropagating beams with independent polarization control by motorized half-waveplates. The drive laser enters through a dichroic mirror. The probe exiting the ONF passes through an interference filter to suppress any light from the drive beam, followed by another waveplate to carefully adjust the power ratio at the output of a polarizing beam splitter that separates the light into two polarizations components. The two outputs then go to a balanced photodiode pair to extract the difference and amplify it. The signal then goes to a spectrum analyzer and is transferred to a computer for further processing and analysis. observe an asymmetry in the noise as a function of the drive angle, clearly visible in Fig. 2b .
Defining the asymmetry in the noise A as the ratio of the increased versus the decreased noise amplitude we find that for a 1.5 mW drive A = 1 ± 0.2 and for a 2 mW drive A = 2.4 ± 0.2,
where the errors are estimates of the standard deviation based on the peak to peak excursions around the extrema. The asymmetry raises from the non-linear dependence of the noise to the optomechanically modified torsional spring constant (see Methods). Fig. 2c shows Figure 3 shows the normalized thermal noise reduction as we increase the drive power. The power dependence of the noise reduction seems to decrease for high drive powers, in accordance with the prediction shown by the green line (see Methods, Eq. (13)). For the range of driving powers available in our experiment, we observe up to a factor of two reduction in the thermal noise of the fundamental torsional mode. We found that at higher powers (>10 mW), the mechanical stability of the ONF appears compromised. We observe large fluctuations on the Rayleigh light scattered out of the nanofiber, suggesting that vibrational, violin, modes are excited.
We observe that all higher order torsional modes decrease their amplitudes, some by more than factor of two. Inset b of Fig. 3 shows an example of this, demonstrating that the optomechanical coupling is broadband, affecting all modes simultaneously. This characteristic is quite different from typical optomechanical cooling protocols that tend to rely on a narrow bandwidth and driving almost on-resonance 13 .
A torsional mode can be selectively driven by a periodic modulation of the amplitude of drive 16 . We observe hysteresis in the amplitude of the oscillation when sweeping the modulation frequency of the drive in opposite direction, heralding many more studies of the non-linear dynamics that may include bistabilities. Atomic optical dipole traps in nanofibers can benefit from the shown mechanisms to quiet torsional modes with frequencies comparable to trapping frequencies 30 . In order to observe quantum effects, the mechanical system has to be at a temperature to design and fabricate suspended optical waveguides with higher-frequency torsional modes and higher Q-factor for reaching the quantum limit at experimentally achievable temperatures. One can envision the engineering of suspended optical waveguides with transverse long arms to create torsional pendula 32 . A transverse asymmetry of the waveguide could allow for a strong rotational optomechanical coupling suitable for a reduction of thermal and quantum noises, bringing a new tools to precision measurements at the nanoscale.
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Methods
Experimental methods A tapered single mode ONF, with waist of 350 ± 20 nm radius and 5 mm length, is put inside a vacuum chamber. The ONF is made by the heat-and-pull method following the algorithm in Ref. 27 , using a stripped down commercial optical fiber: Fibercore, SM1500 ( 4.2 µm core diameter, 50 µm cladding diameter).
These ONFs offer tight optical mode confinement (less than the wavelength of light) and
diffraction-free propagation. The glass malleability ensures low surface roughness. The smoothness of the surface is a great asset since it leads to ultra-high transmission structures that can withstand high optical intensities. We analyze the light (Rayleigh scattering) out at the waist region with a rotatable polarizer and a camera 29 . The polarization contrast of the Rayleigh scattering is typically 20%, mostly due to background scattering of light in the vacuum chamber. We do not see significantly brighter points on the image which, together with the good optical transmission, ensures that no particles have significantly spoiled the nanofiber performance.
We use the fundamental guided mode of light propagating through the ONF, with zero orbital angular momentum, for both drive and probe lasers. Although our ONF allows for a few optical modes to propagate, we couple a TEM 00 mode from free space into the ONF exciting one of the two degenerate HE 11 quasi-linear fundamental modes. The structure of observed Rayleigh scattered light is consistent with this picture.
The probe and drive lasers are Toptica DLS pro. The transmission of the ONF at the drive and probe frequencies (780 nm and 852nm) is better than 84% including the coupling efficiency into and out of the ONF. The Balanced Photo Diode (BPD) is a Thorlabs PDB450A set to a gain of 10 5 .
The MRs for the waveplates are Thorlab KPRM1E/M. To ensure that the polarization of the probe is balanced, we continuously look at BPD independent outputs in an auxiliary digital oscilloscope.
If they show a difference for more than two trace widths we adjust (by less than 5 degrees) the half wave plate just before the analyzer PBS. We further amplify and filter the difference signal from BPD and observe no low frequency oscillations in the screen. For monitoring the difference output of the BPD in an oscilloscope we use a Stanford Research Systems SRS 560 low noise amplifier with gain of 50 and 10 kHz high pass and 300 kHz low pass 6 dB filters. To get the signal power spectrum, we send the difference signal from the BPD to a Rohde & Schwarz FSVA13 spectrum analyzer.
We have characterized the noise properties of the BPD and the spectrum analyzer. All numbers are for 1 Hz resolution and video bandwidths with a frequency around 190 kHz, the resonance frequency of the first torsional mode. The electronic noise on the spectrum analyzer is 7 nV, the electronic noise of the balanced detector is 15 nV. The photodetection of 60 µW of probe power causes an increase in the noise level due to the light shot noise to 90 nV. We tested that this is consistent with the expected shot noise by observing the square root relationship with the power.
To study the thermally induced noise in the torsional mode the measurements are done on resonance, with a typical resolution bandwidth <20 Hz, and video bandwidths of 1 Hz. A single drive scan for the amplitude measurements takes 36 seconds and we have averaged it 10 times. Although the data in Fig. 2 b,c are taken consecutively, amplitude first and the frequency shift next, there is a shift in time of the resonant frequency of about 20 Hz, consistent with other observations as the temperature of the laboratory is not sufficiently stable for the high sensitivity of the apparatus. For the data in Fig. 3 , the torsional resonance shifts as the drive power increases (see Fig. 3 inset a), so we alternate measurements with and without drive to obtain statistics for the ratio (± one standard deviation of the mean).
We estimate the size of the rotation by using a typical voltage amplitude at the output of the BPD of V AC = 5 µV in the thermally excited fundamental torsional mode when the probe has an optical power of P DC = 60 µW. This corresponds to a current of i AC = 5 × 10 −11 A (current to voltage gain of the BPD of 10 5 ), that with a responsivity of the detectors at the operating wavelengths of 0.5 A/W gives the optical power at the peak of P AC = 10 −10 W. The assumptions that we make at this point are first that this optical power oscillating at the frequency of the first torsional mode is the result of the beat between the probe field E DC and the rotating electric field E R . Second, since the polarization rotation angle φ is small enough, we assume that E R = φE DC , which implies that the fiber rotates the angle of the electric field by its mechanical rotation. This gives φ = E R E DC /E 2 DC = P AC /P DC = 10 −10 /6 × 10 −5 , the ratio of the two optical powers, estimating φ ≈ 1.7 × 10 −6 rad.
Theoretical model We take the work of Wuttke 15 where there is a complete treatment of the torsional wave equation in Chapter 4 to justify our model. We look at a single mode, the fundamental. We follow the work of Saulson 33 to find the spectral density of the thermal fluctuations of the mode.
The development of the model requires one further assumption. This is motivated by a previous work 16 where the probe polarization rotation was due to some inherent asymmetry in the nanofiber, mostly on the region where the waist connects to the tapers, as seen in figure 7 of Hoffman et al. 27 , which shows the profile of a microfiber constructed with the heat and pull method. This implies the oscillations that we see are from an effective thin waveplate, as all the other contributions from the length of the nanofiber cancel each other, given the symmetry of the first torsional mode with the ONF anchored at the two end points. Calculations based on the work of Wuttke 15 solving for the optical rotation of a slightly asymmetric fiber at the point where the taper begins confirm this.
The equation of motion (Langevin form) for the generalized coordinate (angle) with the torque in the direction of propagation for a thin disk is:
where I is the moment of inertia of the ONF, γ is the damping coefficient, κ is the torsional spring constant, and T th is the thermally induced torque that drives the system. The natural frequency of the system is ω 0 = κ/I, and A 0 = E 2 2ω l sin Γ is the coefficient that characterizes the amplitude of the driving torque, as in Eq. (1) due to the presence of the laser. T th is a random torque with a white spectral density:
Without thermal excitation we can obtain the potential that generates the equations of motion:
We can neglect the constant term U 0 for the following discussion and consider
where η is the characteristic value of the undriven potential. A displacement of θ by π/2 will create an offset of the angle coordinate plus a constant term that can always be dropped out because it does not contribute to the equation of motion. This means that the only difference between the electric field aligned along the ordinary or extraordinary axis is the sign in front of the second term in the potential, i.e. the optomechanical potential. For light polarization angles close to the ordinary axis the problem is well approximated by a quartic potential with a larger effective torsional spring constant (κ eff = κ + 2A 0 ). On the other hand, when the light is polarized near the extraordinary axis, for A 0 /κ > 1 we obtain a (one-dimensional) symmetric double well potential, with two stability points away from θ = 0. This quartic potential can have one or two minima, depending on the value of the optomechanical drive A 0 .
When we take only the first term in the expansion of the exerted torque we find the linear amplitude of the harmonic oscillator and its dependence on the parameters of the potential. On resonance, if the Q factor is large enough, we have ω 0 = (κ − 2A 0 )/I. For a torque amplitude of T th , obtained from the spectral density in equation 4, we can write:
Then the absolute value squared on resonance gives:
where T 2 th = S T th corresponds to the delta correlation of the random torque T th , with a spectral density given by Eq. (4).
We need to look at the equation for the fluctuations around the steady state of Eq. (3).
The steady state of equation 3 at zero temperature satisfies:
θ ss = A 0 sin 2θ ss κ .
The linearized differential equation for a perturbation δθ is then:
This equation depends on the steady state angle. So the result for the steady state oscillation frequency ω ss is ω ss = κ − A 0 cos 2θ ss I .
We can find a small shift in the frequency due to the perturbation:
